Dysfunctional telomeres and DNA damage repair (DDR) play important roles in cancer progression. Studies have reported correlations between these factors and tumour aggressiveness and clinical outcome in breast cancer. We studied the characteristics of telomeres and expression of ERCC1, a protein involved in a number of DNA repair pathways and in telomere homeostasis, to assess their prognostic value, alone or in combination, in 90 residual breast tumours after treatment with neoadjuvant chemotherapy (NCT). ERCC1 status was investigated at different molecular levels (protein and gene expression and gene copy-number variations) by immunohistochemistry, qRT-PCR and quantitative multiplex fluorescent-PCR (QMF-PCR). A comprehensive analysis of telomere characteristics was performed using qPCR for telomere length and qRT-PCR for telomerase (hTERT), tankyrase 1 (TNKS) and shelterin complex (TRF1, TRF2, POT1, TPP1, RAP1 and TIN2) gene expression. Short telomeres, high hTERT and TNKS expression and low ERCC1 protein expression were independently associated with worse survival outcome. Interestingly, ERCC1 gains and losses correlated with worse disease-free (p 5 0.026) and overall (p 5 0.043) survival as compared to survival of patients with normal gene copy-numbers. Unsupervised hierarchical clustering of all ERCC1 and telomere parameters identified four subgroups with distinct prognosis. In particular, a cluster combining low ERCC1, ERCC1 gene alterations, dysfunctional telomeres and high hTERT and a cluster with high TNKS and shelterin expression correlated with poor disease-free (HR5 5.41, p5 0.0044) and overall survival (HR5 6.01, p5 0.0023) irrespective of tumour stage and grade. This comprehensive study demonstrates that telomere dysfunction and DDR can contribute synergistically to tumour progression and chemoresistance. These parameters are predictors of clinical outcome in breast cancer patients treated with NCT and could be useful clinically as prognostic biomarkers to tailor adjuvant chemotherapy post-NCT.
Introduction
Neoadjuvant chemotherapy (NCT) has been used in breast cancer to facilitate conserving surgery and allows early evaluation of response [1] . Patients achieving pathological complete response (pCR) have better diseasefree survival [2] . Some characteristics of post-NCT tumours, such as tumour size or grade, are closely associated with the outcome of patients without pCR [3, 4] . These criteria, however, may be misleading. Hence, studying biological prognostic markers for patients without pCR is crucial. Here, we chose to combine DNA damage repair (DDR) and telomeric parameters to assess prognosis in post-NCT breast cancer patients.
The ERCC1/XPF (excision repair cross complementation group 1/xeroderma pigmentosum factor) heterodimer is a structure-specific endonuclease mainly known for its involvement in nucleotide excision repair (NER) and a number of other DDR pathways [5] . ERCC1 regulates DNA and protein interactions and XPF provides the endonuclease activity [6] . ERCC1 has been extensively studied as a putative biomarker of response to treatments [7] . Immunohistochemical studies of ERCC1 status conducted in breast cancer patients showed correlations between high expression and good prognosis factors [8] . The exact mechanisms underlying this phenomenon remain unclear.
Telomeres are nucleoprotein structures that protect chromosomal ends from exonucleolytic degradation and inappropriate activation of DDR pathways. The shelterin complex comprises six core proteins (TRF1, TRF2, RAP1, TIN2, TPP1 and POT1) and has crucial functions in telomere protection and length regulation. Human telomerase reverse transcriptase (hTERT), a component of telomerase, increases the length of the telomere by adding telomeric repeats to the end of chromosomes [9] . Tankyrase 1 (TNKS) is a poly-ADP-ribose polymerase that assembles chains of poly-ADP ribose on the target substrate, particularly TRF1. TNKS is a positive regulator of telomere length by removing TRF1 from telomeres and allowing access to telomerase [10] . Telomere shortening due to incomplete DNA synthesis occurs at initial steps of oncogenesis and leads to genomic instability. In contrast, hTERT increases during tumour progression, preventing cancer cells with genomic instability from entering senescence or apoptosis [11] . Telomere shortening and telomerase activation have been studied in breast cancer and were correlated with poor prognosis. However, their clinical significance in post-NCT residual tumours is unknown. In addition, the significance of changes in shelterin and tankyrase gene expression is under-investigated. ERCC1-XPF is also involved in telomere maintenance. Mice null for ERCC1 have a single telomere phenotype characterized by telomeric DNA-containing double minute chromosomes [12] . In cell lines, the overexpression of XPF induces telomere shortening, suggesting that XPF could function as a negative regulator of telomere length via both TRF2-dependent and independent mechanisms [12, 13] . In mouse keratinocytes, XPF mediates telomere degradation induced by TRF2 overexpression [14] . Finally, a partial loss of telomeres in TRF2 deficient cells was dependent on ERCC1/XPF expression [12] . Interactions between ERCC1 and telomeres have not been studied in the context of tumour cells.
In this study, ERCC1 status and telomeric parameters were investigated at different molecular levels and correlated with clinicopathological data in a cohort of invasive breast cancer patients treated with NCT without pCR. We suggest that post-NCT tumours with low ERCC1 expression and dysfunctional telomeres are of poor prognosis, whereas high ERCC1 and functional telomeres are good prognostic markers.
Patients and methods

Patients and samples
We retrieved archived tumour samples from 90 women diagnosed with invasive breast cancer and treated with NCT protocols [15] between 1996 and 2010 at the Jean Perrin Cancer Center, Clermont-Ferrand, France. Clinicopathological data are summarized in supplementary material, Table S1 . After NCT, patients underwent appropriate surgery, and radiotherapy. Patients with important residual disease received adjuvant chemotherapy. Trastuzumab was used for the adjuvant treatment and the treatment of recurrent metastatic disease in HER21 cases. Menopausal patients with hormone receptor-positive tumours received tamoxifen for 5 years. During follow-up (median of 9 years), 34 patients (38.9%) relapsed locally and/or presented contralateral or distant events, and 26 (28.9%) died from breast cancer.
Protein studies were performed on paraffin-embedded tissue sections of 90 post-NCT tumours and 59 matched pre-NCT biopsies. Cryopreserved post-NCT samples were available for molecular investigations for 45 out of 90 patients (Biological Resources Center BB-0033-00075). The institutional review board approved the study.
ERCC1 immunohistochemistry (IHC)
A control haematoxylin and eosin-stained slide was analyzed for each tissue block. ERCC1 IHC staining was operated on a Benchmark ULTRA IHC/ISH staining module (Ventana, USA) as described in Supplementary methods. Semi-quantitative assessment of ERCC1 expression was performed by two independent readers (FPL, PR) according to the following algorithm: staining intensity on tumour cells was graded on a scale from 0 to 3, with score 3 representing high intensity and endothelial cells in tonsil control tissue used as a reference and assigned an intensity of 2. The percentage of positive tumour cells calculated for each specimen was multiplied by the staining intensity to obtain an H-score ranging from 0 to 300. Only nuclear staining was scored, but the readers recorded unexpected patterns (eg cytoplasmic). Discordant cases were reviewed. Entire sections were assessed in both pre-and post-NCT samples.
DNA and RNA extraction
DNA and RNA were extracted from snap-frozen post-NCT tumour samples with the AllPrep DNA/RNA/ miRNA Universal Kit (Qiagen, Courtaboeuf, France) according to the manufacturer's instructions.
ERCC1 gene copy-number quantification
The ERCC1 gene copy number was quantified by quantitative multiplex fluorescent polymerase chain reaction (QMF-PCR). Primers were designed for three fragments of the ERCC1 gene (5 0 UTR, Exon 6 and 3 0 UTR). Seven other genes (PVRL1, BOD1L, RET, ZNF638, AGBL2, CFTR and POR) were amplified as controls. QMF-PCR was performed according to published protocols [16, 17] . Primers and technical details are given in Supplementary methods. Fluorescence intensities of PCR products were correlated with the copy number of the relevant exons. Fourteen control DNAs were included in each experiment: 11 normal DNAs and 3 DNAs with a known ERCC1 copy number (deletion, normal and gain). A dosage quotient was calculated relative to all the other amplified exons in patients and controls. The mean ratios 63 standard deviations of controls were used as cut-off points to detect copy number variations (CNVs): ratios > 1.2 were considered as gains and ratios < 0.8 as losses.
Telomere length assessment
Average telomere length was measured by quantitative real-time DNA-PCR as described elsewhere [18] . This method, developed by Cawthon [19] , measures the ratio between the telomere repeat (T) and reference single-copy gene (S) template amounts (relative T/S ratio). We previously showed that the T/S ratio in tumour cells was proportional to the average telomere length assessed by a classical telomere restriction fragment analysis [18] .
Gene expression analysis
The gene expression of hTERT and shelterin (TRF1, TRF2, POT1, TPP1, RAP1 and TIN2) was quantified by real-time RT-PCR as described previously [18, 20] . TNKS (tankyrase 1) and ERCC1 expression was quantified with known primers [21, 22] . The normalized copy number (NCN) for each gene was expressed as the ratio between transcript copy-numbers of the target and control (B2M) genes multiplied by 100.
Statistical analysis
Standard tests (Kruskal-Wallis test, ANOVA, Student's t-test, chi-squared test, Spearman correlation) were used to study the relationship between characteristics. As is usual in exploratory studies, we elected not to adjust probabilities by the Bonferroni method, which, while decreasing the rate of false positives, also increases in a similar proportion the rate of false negatives. Disease-free survival (DFS) refers to the period between diagnosis and the first relapse (local or distant). Overall survival (OS) was measured from the start of NCT until the last follow-up report. Survival curves were established by the Kaplan-Meier method and compared with the log-rank test. An unsupervised hierarchical clustering was performed with SEM software [23] . Distances between clusters were calculated by 1-Pearson's correlation coefficient values and the dendrogram was constructed according to Ward's algorithm.
Results
ERCC1 protein and gene expression level
In post-NCT tumours, the median H-score was 102 (0-285). Positive ERCC1 staining was nuclear (Figure 1A ,B). Two patients had negative staining and three cytoplasmic staining. Correlations between clinicopathological data and ERCC1 H-scores in post-NCT tumours are shown in Table 1 . There was no association between ERCC1 expression and tumour size, grade, stage, hormone-receptor expression and molecular classification. Interestingly, patients treated with anthracyclines had higher H-scores than patients receiving anthracyclines 1 taxanes or taxanes alone Patients whose tumours had low ERCC1 expression (< median, 102) had significantly shortened DFS, whereas those with high ERCC1 levels had better prognosis (E). No significant difference in OS was observed between the groups with low and high ERCC1 levels (F).
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V To evaluate the prognostic impact of ERCC1 expression in residual tumours, we compared survival in patients with low and high H-scores, using the median value as a cut-off. Patients with low ERCC1 levels had shorter DFS (p 5 0.03). There was no association between ERCC1 expression and OS ( Figure  1E,F) . Of note, pre-NCT ERCC1 and DERCC1 were not correlated with DFS and OS.
The levels of ERCC1 gene and protein expression evaluated in post-NCT tumour samples were not correlated. ERCC1 gene expression was not associated with clinicopathological characteristics (data not shown).
ERCC1 CNVs
Of the 45 post-NCT tumour samples, six had losses and five had gains (Figure 2A-C) . These alterations involved the entire ERCC1 gene. In addition, two tumours had partial gains involving the 5 0 UTR primer only.
Patients with gains showed an average increase in ERCC1 gene (75%) and protein (40%) expression, whereas in those with losses ERCC1 gene and protein expression decreased by 20%. However, these changes were not significant.
We compared survival according to ERCC1 gene status: (i) losses, (ii) gains (partial or total) and (iii) normal copy-number ( Figure 2D ,E), and found significant differences for DFS and OS. In particular, the subgroup with ERCC1 losses had lower DFS (5.1 years, p 5 0.0065) and OS (7.2 years, p 5 0.014) than the normal copy-number subgroup (median not reached). The subgroup with ERCC1 gains had intermediate OS and DFS.
Telomere length and hTERT expression
The median value of hTERT expression was 3.5 (0.0-147.6) and that of telomere length 1.03 (0.22-2.71). Of note, shorter telomeres were associated with higher hTERT expression (p 5 0.00075). Correlations between telomere length and hTERT expression with clinicopathological data are summarized in Table 2 . Telomere shortening was associated with advanced disease stage (p 5 0.030), positive nodal status (p 5 0.031) and higher tumour grades in preand post-NCT tumours (p 5 0.0057 and p 5 0.05). hTERT expression tended to increase in advanced stages and higher post-NCT tumour grades and correlated with hormone-receptor (HR) negativity in post-NCT tumours (p 5 0.039). No association was observed between telomere parameters and molecular classification. However, patients with triple negative breast cancer (TNBC) tended to have shorter telomeres and higher hTERT. Telomeres were shorter and hTERT higher in cases with the largest residual disease (Chevallier's class 4 versus class 3, p < 0.05). The impact of telomere length and hTERT level on outcome was analyzed using the median values as cut-points ( Figure 3A,B) . Patients with short telomeres had lower DFS (p 5 0.0076) and OS Figure 3C ). Prognostic impact of TNKS was independent of hTERT expression and telomere length (multivariate Cox analysis, adjusted p 5 0.013 and p 5 0.05, respectively).
Clustering analysis of ERCC1 and telomere parameters
We performed an unsupervised hierarchical clustering analysis to identify prognostic subgroups among 45 patients, combining telomeric and ERCC1 data in post-NCT tumours. Four balanced groups with different prognosis were defined on the basis of their molecular similarities ( Figure 4A -C). Cluster 1 (n 5 10) had good prognostic parameters (long telomere, no or very low hTERT expression) and high ERCC1 protein expression levels. Shelterin, TNKS and ERCC1 gene expression levels were low. The ERCC1 gene had few CNVs. These patients had good DFS and OS (9.5 and 9.6 years, means).
Cluster 2 (n 5 11) had bad prognostic parameters (short telomere, high expression of hTERT), low ERCC1 levels, low shelterin, TNKS and ERCC1 gene expression. Cluster 2 patients had the highest level of ERCC1 CNVs (both losses and gains) and the lowest DFS and OS (6.2 and 7.8 years, respectively).
In cluster 3 (n 5 13), the telomeres were short but hTERT expression low. Shelterin and ERCC1 gene expression levels were the highest. Of note, these patients also had TNKS overexpression. There were a few ERCC1 CNVs, and ERCC1 expression was intermediate. Survival was short in this subgroup (DFS of 6.7 and OS of 8 years). Cluster 4 (n 5 11) had 'normal' telomeric parameters, moderate to high shelterin gene expression (in particular TPP1 overexpression) and low TNKS expression levels. The level of ERCC1 gene expression was moderate, that of ERCC1 protein expression low, and no ERCC1 CNVs were observed. Survival data were rather favorable in this cluster (DFS of 9 and OS of 9.5 years).
Survival analysis showed that patients from clusters 1 and 4 had better DFS and OS than patients from clusters 2 and 3 ( Figure 4D ). 
Discussion
There is emerging evidence that pathobiological features of post-NCT disease can determine outcome in breast cancer [24] . The adjuvant treatment decisionmaking process, currently based on pre-NCT biopsy criteria, is beginning to switch toward the use of post-NCT disease factors. In this study, we Associations between ERCC1 protein expression and clinicopathological data have been previously explored in breast cancer. Despite their heterogeneous design, most studies suggested that high ERCC1 expression was correlated with criteria of good prognosis, such as estrogen-receptor positivity and low T/N stages [8, 25] . Low ERCC1 levels were found in poor-prognosis TNBC [26, 27] . Our results show better survival in cases of high ERCC1 in post-NCT tumours, but not in pre-NCT tumours. We may infer that ERCC1 expression in residual tumours is a robust prognostic marker in breast cancer patients treated with NCT.
NCT protocols influence DDR mechanisms and pathological response. pCR rate increases after platinum-based CT in tumours underexpressing ERCC1 [28] . This is in line with the paradigm that negative/low ERCC1 tumours respond better to platinum-based CT because of insufficient NER activation [29, 30] . In addition, anthracycline-based CT may induce an increase in ERCC1 gene expression levels in breast tumours because of the activation of ERCC1-dependent DDR mechanisms other than NER [31] . Our study showed increasing ERCC1 expression in tumours treated with anthracyclines compared with tumours treated with taxanes. Post-NCT ERCC1 status could be taken into account in future tailoring of platinum-based adjuvant therapy. ERCC1 expression was greater in post-NCT Chevallier class 3 tumours than in class 4 cases. Better response is generally observed in tumours with higher genomic instability [32] while hormonereceptor positive tumours, which have low genomic instability, are usually poor responders to NCT [33] . Class 3 and 4 patients represent heterogeneous groups in terms of genomic instability and other biological characteristics. It is possible that ERCC1 expression levels could help to identify better responders among HR-positive cancer patients like those with luminal B tumours, which have higher levels of genomic instability and are more chemosensitive than luminal A tumours [34] .
In agreement with other reports, we did not observe any prognostic significance of ERCC1 mRNA expression at the gene level [35] . In addition, copy-number alterations of ERCC1 gene were previously shown to be highly frequent in non-small cell lung cancer but not correlated with protein expression and survival [36] . We found that ERCC1 CNVs tended to be associated with parallel variations in protein and gene expression levels and that both gains and losses were correlated with worse outcome. We suggest that ERCC1 protein functionality could be affected by CNVs.
In na€ ıve breast cancer, telomere shortening was associated with tumour aggressiveness according to TNM stage or SBR grade [22, [37] [38] [39] . Short telomeres were found in aggressive HER21 and TNBC cases [40, 41] . In our series of post-NCT tumours, we also observed telomere shortening in patients with advanced stage and grade.
A relationship between short telomeres and poor clinical outcomes has already been reported [37, 42, 43] but not confirmed in a study with longer median follow-up time (7.2 years) [44] . Furthermore, the impact of short telomeres on DFS was recently observed in TNBC but not in HR-positive tumours [45] . Our analysis of a cohort with a long follow-up (9 years) and a majority of HR-positive tumours strongly supports the overall link between short telomeres and poor survival in breast cancer. In order to maintain short telomeres, hTERT is activated in tumour cells, and high hTERT correlates with clinical aggressiveness in many human malignancies [18, [46] [47] [48] . In agreement with previous findings in breast cancer patients [22, 49, 50] , we observed that increased hTERT expression correlated with higher SBR grades and shorter survival. Thus, we suggest that telomere length and hTERT expression in post-NCT tumours are significant predictors of survival and could be used to tailor adjuvant chemotherapy.
Overexpression of TNKS has been described in breast cancer in comparison to normal tissue [51] and has been associated with higher SBR grades [22] . We found that TNKS overexpression appeared mainly in high-grade SBR III tumours, suggesting that this overexpression represents a relevant event in tumour progression. We also demonstrated that high TNKS expression was associated with shorter survival. Because of its involvement in telomere maintenance, tankyrase was recently considered as a potential target for cancer therapy [52, 53] . The correlation of TNKS expression with survival underlines the validity of this target. Down-regulation of shelterin genes TRF1, TRF2 and POT1 has been found in breast cancer compared with normal breast tissue [22, 50, 54, 55] . Low expression of POT1, TRF1 and TRF2 tended to be associated with high tumour grade and poor clinical outcome, but this relationship was not significant [22, 50] . We observed no correlation between shelterin gene expression and clinicopathological parameters or survival.
Clustering analysis combining telomeric and ERCC1 parameters identified four subgroups with different prognosis and with possibly different biological significance. In particular, the analysis of poor-prognosis cluster 2 patients showed that telomere-dysfunction parameters (short telomere length, high hTERT, low shelterin) were associated with decreased ERCC1 expression and ERCC1 copynumber alterations suggestive of a certain deficiency in DDR mechanisms. Both telomere and DDR defects can contribute to a higher degree of genomic instability and, given the possible involvement of ERCC1 in telomere maintenance, amplify the deleterious impact of telomere dysfunction, resulting in resistant tumour phenotypes. The hTERT overexpression observed in this cluster could have contributed to tumour cell proliferation by stabilizing short telomeres and by conferring survival advantages owing to the telomere-independent function of hTERT as transcriptional modulator of the NF-K B and Wnt/ß-catenin pathways [56] .
Another poor-prognosis association, including high TNKS, ERCC1 and shelterin gene expression, was found in cluster 3 patients. Telomere length and hTERT were less affected, but this subgroup had worse prognosis than clusters 1 and 4 with no marked telomere changes. TNKS acts as a positive regulator of telomere elongation in telomerase-positive cells and also has telomere-independent functions that contribute to correct bipolar spindle assembly during mitosis [57] and the maintenance of Wnt-signalling [58] . All these functions of tankyrase may increase the survival capacities of tumour cells. In addition, up-regulation of ERCC1 and shelterin genes may have an adverse effect on telomeres. Shelterin interacts with proteins involved in DDR, such as ERCC1-XPF. Overexpression of XPF may negatively regulate telomere length maintenance and interfere with shelterin binding to telomeres [13] .
The association of long telomeres, low hTERT expression, low shelterin and high ERCC1 protein expression that we observed in cluster 1 patients, irrespective of tumour stage or grade, confirms that together functional telomere and DDR protein recruitment determine the best prognosis.
In conclusion, we report new findings on the clinical significance of ERCC1, a DDR protein, and telomere parameters in breast cancer treated with NCT. The combination of these characteristics identifies subgroups with different prognosis. These results emphasize the interest in studying DDR proteins and their role in telomere maintenance in translational studies.
